Summary. Individual Day-7 embryos (morulae to expanded blastocysts) were incubated with radiolabelled substrates and karyotyped to determine the sex. In Exp. 
Introduction
The growth and development of early embryos requires considerable metabolic activity for the production of energy and for the synthesis of a variety of complex molecules. The relationship between development and a wide variety of aspects of metabolism has been studied in pre¬ implantation mouse and rabbit embryos (see Kaye, 1986) . Apart from one study of pig embryos (Flood & Wiebold, 1988) and one of cattle embryos produced by in-vitro fertilization (Iwasaki et ai, 1989) , we found no information about the relationship between metabolism and development of embryos of domestic animals.
The relationship between the sex and metabolic activity of early embryos has received little study in any species, but should be of major interest for two reasons. First, even before the development of the testis in mice, rats and humans, male embryos develop faster than females (see Mittwoch, 1989) . This difference must, in some way, be related to differences in the activity ofone or more metabolic pathways between male and female embryos. Second is the more specific effect of sex on the activity of the pentose-phosphate pathway (PPP) which produces two major biosynthetic substrates, ribose-5-phosphate, the precursor for the synthesis of nucleotides and nucleic acids, and NADPH, the major source of reducing equivalents for the synthesis of lipids and other complex molecules (Wood, 1985) . The first and rate-limiting step of this pathway is catalysed by the enzyme glucose-6-phosphate dehydrogenase (G6PD) (Wood, 1985) . The gene which codes for this enzyme is on the X chromo¬ some (Chapman & Shows, 1976) and thus there are 2 copies in female cells but only one in male *Present address: Department of Obstetrics and Gynaecology, University of Western Ontario, London, Ontario, Canada, N6A 3K7 fReprint requests. JPresent address: National Institute of Animal Genetics, National Bureau of Animal Genetic Resources, NDRI- Campus, Karnal-Haryana, 132001, India. cells. This inequality has no effect on the biochemical activity of mature females, because early in embryonic development one of the X chromosomes is inactivated (Lyon, 1961) . However, between the time of activation of the embryonic genome and the onset of X-inactivation, both X chromo¬ somes in female embryos are potentially active and consequently the activity of several X-linked enzymes in broken-cell preparations from female mouse embryos has been shown to be twice that in male embryos (Monk, 1987; Monk & Handyside, 1988) . In intact mouse embryos, total glucose uptake (Gardner & Leese, 1987) and reductive potential (Williams, 1986) tend to be higher in female embryos than in males. We have measured the metabolic activity ofindividual cattle blastocysts using single radiolabelled glycolytic substrates and shown that the Krebs cycle, PPP and Embden-Meyerhof pathway (EMP) are active and that pyruvate kinase activity is blocked (Rieger & Guay, 1988) . The technique has since been elaborated to permit the simultaneous measurement of any 2 of these pathways in individual embryos by using one 14C-labelled substrate and one 3H-labelled substrate together (Rieger et ai, 1989) . The activity of the pathways can be related to each other, which is particularly important in studying the PPP because its activity can be related to total glucose metabolism, or to the activity of the Krebs cycle, which involves no known X-linked enzymes.
The study presented here used the double-label technique to determine the effect of sex and stage of development on the activities of the EMP and Krebs cycle and on the absolute and relative activity of the PPP in individual cattle embryos. In Exp. 1, the basal activities of the PPP and the EMP were measured. In Exp. 2, the activities of the PPP and the Krebs cycle were measured in the presence of brilliant cresyl blue (BCB), an oxidizing vital stain which stimulates the PPP (Williams, 1986) . A preliminary report of some of the results presented here has been published as an abstract (Tiffin etai, 1990 Estimation ofproduct recovery. The efficiency of recovery of the radiolabelled products was estimated as described by Rieger & Guay (1988) . Briefly, known amounts of NaH14C03 and 3H20 (New England Nuclear) were taken up in 4-µ1 droplets of culture medium and cultured for 0-3 h, as for the embryos. At the end of each period, the outer bath was aspirated, mixed with scintillation fluid and radioactivity was measured. The maximum proportions of both labels were recovered within 30 min, yielding recovery correction factors of 1 -37 for 3H20 and 1-41 for 14C02.
Calculation of substrate metabolism. The amount of each substrate metabolized by each embryo was calculated in a fashion similar to that previously described for single-labelled substrates (Rieger & Guay, 1988 Cytogenetic analysis. Immediately after the metabolic measurement, the embryos were cultured individually in 0-5 ml of medium containing 005 pg Colcemid (Gibco)/ml for 4-8 h and then fixed individually on slides as described by King et al (1979) . The slides were stained in a 4% Giemsa solution for 3 min and the metaphase spreads located and counted under a compound microscope at low power. The chromosomes were examined at 1000 magnification and the sex was diagnosed as female by the presence of two X chromosomes in at least one intact metaphase, or as male by the observation of a Y chromosome. Preparations for which a definite conclusion regarding the sex of the embryo could not be reached were further stained for centromeric heterochromatin (Sumner, 1972) (Rieger & Guay, 1988 Iwasaki et al. (1989) were unable to detect G6PD in cattle morulae, which could simply reflect the relative insensitivity of this approach, although they did find significant G6PD activity up to the 8-cell stage.
The total metabolism of glucose, as measured by the metabolism of D-[5-3H]glucose, increased significantly between the morula and expanded blastocyst stages, as has been shown for mouse (O'Fallon & Wright, 1986) and pig (Flood & Wiebold, 1988) embryos. Glucose uptake has simi¬ larly been shown to increase markedly between the 8-cell or morula and blastocyst stages in mouse (Gardner & Leese, 1986 and human (Gott et ai, 1990) embryos. Total glucose metabolism was significantly greater in male embryos than in female embryos, which is, to our knowledge, a novel observation. The biochemical mechanism responsible for this difference is unknown, but it may have a physiological significance related to the different rates of development of male and female embryos. Within groups of Day-7 embryos collected from indi¬ vidual superovulated cattle, Avery (1989) Gardner & Leese (1987) have observed that glucose uptake (measured as disappearance from the medium) by female mouse embryos is~10% greater than that by male embryos. However, this observation is not necessarily contradictory to our own, because, whereas we measured only glucose metabolized through the PPP and the EMP, measurement of uptake would also include glucose which was incorporated into glycogen and other macromolecules. Ménézo & Khatchadourian (1990) have suggested that the accumulation of glycogen is related to the 'two-cell block' to devel¬ opment in cultured mouse embryos. If the slower development of female embryos can be con¬ sidered a milder form of impeded development, it would be interesting to know whether glycogen accumulation is greater in female than in male embryos.
The mean proportion of glucose metabolized through the PPP was much greater in female embryos than in males, which supports the hypothesis that G6PD activity is greater in female embryos because of the double gene dose. In 2-to 8-cell cattle embryos, Iwasaki et al. (1989) found no difference in G6PD activity between males and females, and no consistent relationship between G6PD activity and the number of X chromosomes in polyploids. However, the embryonic genome in cattle is probably not expressed before the 16-cell stage (see Telford et ai, 1990) (Benos & Balaban, 1980) , ouabain binding (Benos, 1981) and the content of Na + /K+ ATPase a-subunit and a-subunit mRNA (Gardiner et ai, 1990 ). There is no information available on Na+/K+ ATPase in cattle embryos, but it is likely that much of the increased metabolic activity in expanded blastocysts is to provide the ATP required by this ion pump, for expansion of the blastocoele.
The activity of the PPP, in this case compared with the metabolism of L-[3,4-3H(N)]glutamine by the Krebs cycle, was greater in female embryos than in males, but, as in Exp. 1, the difference was not statistically significant. We have suggested (Rieger, 1984) that it should be possible to determine the sex of an intact embryo by measuring the activity of an X-linked enzyme during the period between the activation of the embryonic genome and X inactivation. The enzymes in the embryos of the stages used in this study almost certainly arise from transcription and translation of the embryonic genome, rather than being of maternal origin (see Telford et ai, 1990) . X inacti¬ vation begins at the early blastocyst stage in mouse embryos (West, 1982) and~2 days after the trophectoderm has differentiated in horse embryos (Romagnano et ai, 1987 King, unpublished) .
In conclusion, we have shown that total glucose metabolism is greater in male Day-7 cattle embryos than in females, which may be related to more rapid development of male embryos. Total glucose metabolism and glutamine metabolism increased with development from the morula to the expanded blastocyst stage, which probably reflects the increased requirement for energy for Na + /K+ ATPase activity. Although not statistically significant, the activity of the PPP tended to be greater in female embryos than in males, which supports the concept of a greater content of the X-linked enzyme G6PD in female embryos due to the double dose of the gene. Exposure of embryos to 001 mg BCB/ml increased the relative activity of the PPP without being lethal, indicating that BCB can be used effectively in the study of embryo metabolism.
